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B-lll-spectrin spinocerebellar ataxia type 5 mutation
reveals a dominant cytoskeletal mechanism that
underlies dendritic arborization
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A spinocerebellar ataxia type 5 (SCA5) L253P mutation in the actin-
binding domain (ABD) of p-lll-spectrin causes high-affinity actin
binding and decreased thermal stability in vitro. Here we show in
mammalian cells, at physiological temperature, that the mutant
ABD retains high-affinity actin binding. Significantly, we provide
evidence that the mutation alters the mobility and recruitment of
p-lll-spectrin in mammalian cells, pointing to a potential disease
mechanism. To explore this mechanism, we developed a Drosophila
SCA5 model in which an equivalent mutant Drosophila p-spectrin is
expressed in neurons that extend complex dendritic arbors, such as
Purkinje cells, targeted in SCA5 pathogenesis. The mutation causes a
proximal shift in arborization coincident with decreased p-spectrin
localization in distal dendrites. We show that SCA5 g-spectrin dom-
inantly mislocalizes a-spectrin and ankyrin-2, components of the
endogenous spectrin cytoskeleton. Our data suggest that high-
affinity actin binding by SCA5 -spectrin interferes with spectrin-
actin cytoskeleton dynamics, leading to a loss of a cytoskeletal
mechanism in distal dendrites required for dendrite stabilization
and arbor outgrowth.

spinocerebellar ataxia type 5 | SCA5 | dendritic arborization | spectrin |
ankyrin

pinocerebellar ataxia type 5 (SCAS) is a human neurode-

generative disease that causes gait and limb ataxia, slurred
speech, and abnormal eye movements (1). SCAS stems from
autosomal dominant mutations in the SPTBN2 gene that en-
codes B-III-spectrin (2), a cytoskeletal protein predominantly
expressed in the brain and enriched in cerebellar Purkinje cells
(3). A necessary function of p-III-spectrin in Purkinje cells was
demonstrated by p-III-spectrin—null mice, which show ataxic
phenotypes and decreased Purkinje cell dendritic arborization
(4-6). p-III-spectrin consists of an N-terminal actin-binding do-
main (ABD) followed by 17 spectrin-repeat domains and a
C-terminal pleckstrin homology domain. SCAS mutations that
result in single amino acid substitutions or small in-frame dele-
tions have been identified in the ABD and neighboring spectrin-
repeat domains (2, 7-10). In a SCA5 mouse model, expression in
Purkinje cells of a p-III-spectrin transgene containing a spectrin-
repeat domain mutation, E532_M544del, causes ataxic pheno-
types and thinning of the cerebellar molecular layer that contains
Purkinje cell dendrites (11). This suggests that the cellular
mechanism underlying SCAS5 pathogenesis is a Purkinje cell
deficit linked to the loss of dendritic arborization.

The functional unit of p-III-spectrin is considered to be a
heterotetrameric complex containing two p-spectrin subunits and
two a-spectrin subunits. Through the B-spectrin subunits the
spectrin heterotetramer binds and cross-links actin filaments.
Multiple p-spectrin protein isoforms have been shown to form a
spectrin-actin cytoskeletal structure that lines the plasma mem-
brane of axons and dendrites. The spectrin-actin lattice is a
highly conserved neuronal structure identified in the axons of a
broad range of neuron types in mammals (12-14) and in inver-
tebrates, including Drosophila (14, 15). A spectrin-actin lattice
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containing B-III-spectrin, or the homolog p-II-spectrin, was identi-
fied in the dendrites of hippocampal neurons (16). Recent studies
suggest that the dendritic spectrin-actin cytoskeleton is a ubiquitous
feature of neurons, prominent in both dendritic shafts and spines
(17-19). The widespread localization of B-III-spectrin within the
Purkinje cell dendritic arbor (3) suggests that similar spectrin-actin
interactions are important for Purkinje cell dendritic function.
The spectrin-actin cytoskeleton functions to organize integral
membrane proteins through the spectrin adaptor ankyrin (12) and
provides mechanical stability to neuronal processes (20, 21). A
form of erythrocyte ankyrin, ankyrin-R, is expressed in Purkinje
cells and appears to be required for Purkinje cell health and nor-
mal motor function. A hypomorphic ankyrin-R mutation, termed
“normoblastosis” (22, 23), causes Purkinje cell degeneration and
ataxia in mice (24). The subcellular localization of ankyrin-R in the
Purkinje cell soma and dendrites mirrors the distribution of p-III-
spectrin (25-27), and recently p-III-spectrin was shown to physi-
cally interact with ankyrin-R (27). In p-III-spectrin-null mice,
ankyrin-R is present in the soma but absent in Purkinje cell den-
drites (27), suggesting that Purkinje cell degeneration and ataxic
phenotypes observed in the absence of f-11I-spectrin may be linked
to a loss of ankyrin-R function in dendrites. A SCAS mutation that
results in a leucine 253-to-proline (L253P) substitution in the ABD
of B-III-spectrin causes ectopically expressed p-III-spectrin and
ankyrin-R to colocalize internally in HEK293T cells, in contrast
to control cells where wild-type B-III-spectrin colocalizes with
ankyrin-R at the plasma membrane (27). This previous study
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suggests that neurotoxicity caused by the L253P mutation may be  of the SCAS mutant -III-spectrin in mammalian cells and con-
connected to spectrin mislocalization and the concomitant mis-  sider potential mechanisms underlying SCAS pathology. First,
localization of ankyrin-R. However, it has not been established using a coimmunoprecipitation (co-IP) assay in HEK293T cells,
whether the L253P mutation affects the dendritic localization of =~ we demonstrate that mutant L253P ABD also binds actin with
B-spectrin or ankyrin proteins in any neuronal system. increased affinity in mammalian cells at physiological temperature
This report extends our analysis of the B-III-spectrin L253P  (Fig. 14 and Fig. S1). The large difference in binding affinities
mutation, which we recently demonstrated causes an ~1,000-fold  characterized in vitro is reflected in the co-IP assay, which readily
increase in the binding affinity of the p-III-spectrin ABD for actin  detects the interaction of the mutant ABD with actin but does not
filaments in vitro (28). The mutation is also destabilizing in vitro,  detect binding of the wild-type ABD to actin, a dynamic, low-
causing the ABD to begin to unfold near physiological tempera-  affinity interaction probably below the sensitivity of the assay.
ture. Given these results, a key question with important implica-  Our previous thermal denaturation studies also revealed that in
tions for the SCAS disease mechanism is whether the previously  vitro the L253P mutant ABD begins to unfold at 42 °C, raising the
described mislocalization of L253P p-III-spectrin in mammalian  question of whether the L253P f-III-spectrin ABD is prone to
cells is driven by a loss of ABD-binding activity, as originally = denaturation in living cells at physiological temperature. This
proposed (29), or instead is the consequence of increased ABD-  might explain the previously reported loss of binding to an actin-
binding activity. To address the mechanistic basis of p-III-spectrin  related protein, actin-related protein 1 (ARP1), by L253P B-III-
dysfunction, we have characterized the L235P mutant protein be-  spectrin (29). However, in the co-IP assay only minor degradation
havior in mammalian cells. In addition, we generated a Drosophila  of the L253P ABD is observed (Fig. 14), and only at the highest
SCAS model in which a Drosophila -spectrin transgene containing  level of ABD expression, suggesting that the mutant ABD is
the equivalent mutation is conditionally expressed in dendritic  largely well-folded in mammalian cells at 37 °C. Moreover, the
arborization sensory neurons. We use the Drosophila model to  mutation does not cause degradation of full-length p-III-spectrin
analyze the impact of the mutation on dendritic morphology, an  in mammalian cells (Fig. S2), suggesting that full-length L253P
aspect of Purkinje cell dysfunction that potentially underlies B-III-spectrin is also well-folded. Importantly, these results in
SCAS pathology. In living, fully intact larvae, we examine the = mammalian cells corroborate our in vitro analyses showing that a
consequence of the ABD mutation on dendritic arborization, well-folded L253P ABD binds actin with high affinity.

B-spectrin subcellular localization, and the functional interaction of To further examine the role of leucine 253 in regulating actin-
B-spectrin and ankyrin in dendrites. binding affinity and protein stability, we characterized additional

leucine 253 mutations. The ABD consists of two calponin-
Results homology (CH) domains in tandem, with leucine 253 located in

Biochemical analyses demonstrated that a SCAS missense mu-  the second CH domain (CH2) (Fig. 1B). An alignment of p-III-
tation resulting in a L253P substitution in the ABD of human  spectrin with other human tandem-CH ABD proteins shows a
B-III-spectrin causes high-affinity F-actin binding (K4 = 75.5 nM  preference for highly hydrophobic amino acids at the position
vs. 75.8 uM for wild-type) (28). Here we report on the properties  equivalent to leucine 253 (Fig. 1C). Most of the aligned ABD
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Fig. 1. The L253P mutation causes high-affinity actin binding in mammalian cells by disrupting leucine 253 hydrophobic contacts. (A) Co-IP assay in
HEK293T cells transiently transfected with varying amounts of myc-epitope-tagged wild-type (WT) p-lll-spectrin ABD or L253P. Actin coimmunoprecipitataes
with L253P ABD but not with wild-type ABD. In the long-exposure a-myc Western blot (WB) panel, image contrast settings were adjusted to better observe
low-intensity L253P ABD degradation products. (B) Structural homology model of the p-lll-spectrin ABD (amino acids 56-284) (28). The left and right globular
domains represent the CH1 and CH2 domains, respectively. Leucine 253, colored magenta, is positioned at the interface of the two CH domains. (C) Clustalw
alignment of human ABD proteins showing the conservation of leucine or a similarly hydrophobic residue at the position equivalent to p-lll-spectrin leucine
253. (D) Co-IP assay in HEK293T cells expressing myc-ABD proteins with leucine 253 substitutions to vary hydrophobicity. Loss of hydrophobicity caused by
alanine or glycine substitutions increases actin binding, as does proline substitution. Unlike proline substitution, alanine and glycine substitutions do not cause
ABD degradation.
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proteins contain a leucine residue at this position, while a-actinin
and plastin contain methionine and phenylalanine residues, re-
spectively. Leucine 253 is predicted to be in a loop structure at the
interface of the two CH domains (28), and our previous in vitro
characterization of the L253P ABD indicated that the mutant ABD
can attain a well-folded state, suggesting that high-affinity actin
binding caused by the L253P substitution is due to a localized dis-
ruption of hydrophobic interactions normally mediated by leucine
253. To further test this mechanistic hypothesis for elevated actin-
binding affinity, we performed additional mutagenesis to substitute
leucine 253 with phenylalanine or methionine, which have hydro-
phobicity similar to that of the native leucine, or with alanine or
glycine, which are of low hydrophobicity comparable to that of the
mutant proline. A co-IP assay in HEK293T cells shows that sub-
stitution with alanine or glycine, like proline, causes increased actin
binding, while substitution with phenylalanine or methionine does
not (Fig. 1D). Thus, these data support the model that the L253P
substitution increases actin binding by causing a loss of hydrophobic
interactions normally mediated by leucine 253 at the CH1-CH2
interface. In this experiment, we emphasize that for both the ala-
nine and glycine substitutions, no ABD degradation products were
detected, further supporting our inference that, in vivo, the elevated
actin binding is associated with a well-folded ABD.

We next examined the impact of altered actin binding on the
cellular distribution of L253P B-III-spectrin. A previous study
examined the effect of the L253P mutation on the subcellular
localization of full-length rat f-III-spectrin in HEK293T cells
and reported that L253P B-IIl-spectrin localizes internally in
cells, in contrast to wild-type B-III-spectrin, which localizes to the
plasma membrane (29). In our studies, the mutant human L253P
B-III-spectrin is also observed to accumulate internally in
HEK293T cells, and at higher spatial resolution our analysis
shows that internal L253P B-III-spectrin localizes to vesicular
structures (Fig. 24). We further demonstrate, using a fluorescent
conjugate of phalloidin, that the L253P p-III-spectrin vesicles
stain intensely positive for F-actin, suggesting that L253P p-III-
spectrin on vesicles is bound to actin filaments. We speculate
that colocalization of p-III-spectrin and actin on vesicular
structures derives from the internalization of plasma membrane
resulting from the high affinity of L253P p-III-spectrin for actin.

Unexpectedly, we also observed a striking difference in the
localization pattern of wild-type versus L253P B-III-spectrin at
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the plasma membrane. In cells expressing wild-type p-III-
spectrin, the spectrin protein is enriched in numerous, short
filopodium-like structures that decorate the surface of HEK293T
cells (Fig. 2B). Intriguingly, in cells transfected with the mutant
B-III-spectrin, the distribution of spectrin at the plasma mem-
brane is relatively “smooth” by comparison. This suggests that
L253P p-III-spectrin either inhibits the formation of filopodium-
like structures or is restricted from localizing to these membrane
protrusions. To distinguish between these possibilities, a plasma
membrane marker consisting of GFP fused to conserved myr-
istoylation and palmitoylation sequences (PM-GFP) (30) was
cotransfected with p-III-spectrin. In cells expressing wild-type
p-III-spectrin, PM-GFP reveals a textured cell surface with
filopodium-like structures that stain positive for p-III-spectrin
(Fig. 2C). In cells expressing the mutant L253P p-III-spectrin,
PM-GFP reveals that the cell surface is also textured with
filopodium-like structures. However, L253P p-I1I-spectrin, while
present at the plasma membrane, does not localize to these
plasma membrane extensions. In addition, PM-GFP shows the
presence of lamellipodium-like structures that contain wild-type
p-III-spectrin but not L253P B-III-spectrin. The absence of
L253P B-III-spectrin in these membrane protrusions suggests
that high-affinity actin binding restricts p-III-spectrin from lo-
calizing to regions of the plasma membrane that are structurally
dynamic. Instead, the mutation appears to cause preferential
localization of B-III-spectrin to stable membrane regions, such as
sites of cell-cell contact, where a robust colocalization with a
cortical actin network is observed (Fig. S3).

To further interrogate the mechanism(s) driving the altered
subcellular localization of L253P B-III-spectrin, we also charac-
terized the alanine variant of the ABD, L253A, in greater detail.
First, we quantified the actin-binding affinity and stability of the
variant. As performed previously for the wild-type and L253P
ABD proteins, the L253A ABD was expressed in bacteria and
purified (Fig. S44). CD spectroscopy was performed to assess
secondary structure; the CD spectrum for the L253A ABD shows
a pronounced a-helical profile (Fig. S4B, Upper), as observed
previously for the wild-type and L253P ABD proteins (28). CD
spectroscopy was further employed to assess the thermal stability
of the L253A ABD. Thermal melting curve analysis shows that the
L253A ABD unfolds with a melting temperature (T,,,) of 50.3 °C
(Fig. S4B, Lower). The Ty, of the L253A ABD is intermediate

myc-f-lll-spec L253P myc-f}

Fig. 2. L253P p-lll-spectrin accumulates on F-actin—positive vesicular membranes and is excluded from plasma membrane protrusions. (A) Confocal images of

HEK293T cells transiently transfected with myc-epitope-tagged full-length human wild-type or L253P p-lll-spectrin. Immunofluorescence staining showing
accumulation of L253P g-lll-spectrin vesicular membranes that also stain positive for F-actin, labeled with a phalloidin fluorescent conjugate. To a lesser
extent, wild-type B-lll-spectrin is observed on vesicular membranes. (Scale bar, 10 pm.) (B) Immunofluorescence staining showing the localization of p-lll-
spectrin proteins at the plasma membrane of HEK293T cells. (Left) Single z-stack slices through the middle of cells showing abundant plasma membrane
localization of L253P p-lll-spectrin, similar to wild-type p-lll-spectrin. (Right) Corresponding z-stack projections showing that the cell surface, revealed by
staining for wild-type B-lll-spectrin, is highly textured with filopodium-like protrusions. Staining for L253P g-lll-spectrin reveals, by comparison, a smooth cell
surface in which filopodium-like extensions are not detected. (Scale bar, 10 um.) (C) Immunofluorescence staining of HEK293T cells showing the cell surface
localization of p-lll-spectrin proteins relative to a GFP plasma membrane marker (PM-GFP). (Upper) Immunofluorescence staining showing that wild-type p-Ill-
spectrin—positive filopodium-like extensions are similarly revealed by PM-GFP. Arrows indicate lamellipodium-like extensions that are also colabeled by wild-
type p-lll-spectrin and PM-GFP. (Lower) L253P p-lll-spectrin is not present in filopodium-like or lamellipodium-like plasma membrane extensions revealed by
PM-GFP. (Insets) Lamellipodium-like extensions, indicated by asterisks, in which contrast settings were adjusted to better show p-lll-spectrin localization. (Scale
bar, 10 pm.)
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between the Tms of the wild-type (59.5 °C) and L253P (44.6 °C)
ABD proteins, thus confirming that the alanine substitution is less
destabilizing than the proline substitution. Further, F-actin cose-
dimentation reveals that the L253A ABD binds actin with a K4 of
297 nM (Fig. S4C), which is approximately fourfold weaker than
the actin-binding affinity of the L253P ABD (K, = 75.5 nM) but is
still ~250-fold higher than the actin-binding affinity of the wild-
type ABD (75.8 pM). These biochemical analyses together with
the cell-based binding assay (Fig. 1D) demonstrate that the L253A
substitution causes high-affinity F-actin binding without perturbing
protein folding at a physiological temperature.

Next, we tested whether the L253A substitution results in the
same B-III-spectrin subcellular localization changes in HEK293T
cells as observed for the L.253P mutation. In addition, the sub-
cellular localization of full-length B-III-spectrin containing the
L253F substitution, which did not cause increased actin binding
(Fig. 1D), was included as a control. As observed for L253P
p-III-spectrin, staining for p-III-spectrin in cells transfected with
L253A B-II-spectrin reveals that nearly all (~95%) transfected
cells exhibit the smooth cell surface phenotype in which p-III-
spectrin is present at the plasma membrane but not in filopodium-
like structures (Fig. S4D). In contrast, most cells (>90%) trans-
fected with wild-type or L253F p-III-spectrin show a textured cell
surface. Further, ~50% percent of cells expressing L253P or
L253A p-III-spectrin exhibit p-III-spectrin internal vesicles, com-
pared with ~27% wild-type or L253F p-III-spectrin cells showing
internal vesicles. The similarity in subcellular localization pheno-
types between the L253P and L.253A substitutions in B-III-spectrin
strongly supports the conclusion that increased ABD-binding
activity underlies the altered behavior of L253P -III-spectrin
in cells. We emphasize that, since the L253A f-III-spectrin
is well-folded and binds actin with high affinity, the altered
localization of mutant L253P p-III-spectrin in cells is not readily
explained by a loss in ABD-binding activity. Our results point to
the interesting possibility that high-affinity actin binding acts
dominantly as a driver of L253P p-III-spectrin neurotoxicity and
SCAS pathology.

The neuronal population targeted in SCAS pathogenesis is
cerebellar Purkinje cells, which extend elaborate dendritic arbors
required for control of body movements. To model how the L253P
mutation impacts dendritic arborization, we performed studies in
Drosophila class IV dendritic arborization (da) neurons that, like
Purkinje cells, form complex dendritic arbors. We first determined
if the endogenous Drosophila spectrin cytoskeleton is required for
dendritic arborization of class IV da neurons. Using the ppk-Gal4
driver (31), UAS-RNAI transgenes targeting distinct sequences of
B-spectrin mRNA were specifically expressed in class IV da neu-
rons. The da neuron arbor morphologies were documented by live
imaging of fully intact larvae at late third instar, a developmental
stage when arbors are fully formed (Fig. 34). Wild-type da neu-
rons extend dendrites that reach body segment boundaries, where
distal dendrites intertwine with dendrites of neighboring da neu-
rons to form ring-like patterns (Fig. 34, arrow). In contrast,
neurons expressing p-spectrin RNAi show a clear loss of distal
dendrites near segmental boundaries. This reduction in branches
is reflected in Sholl analysis plots showing that B-spectrin RNAi
causes decreased distal dendritic branch complexity and is dem-
onstrated further in analyses showing that p-spectrin RNAi de-
creases total dendritic branch length and the number of branch
points. In addition, we tested whether the neuron-specific spectrin
adaptor protein ankyrin-2 is required for arborization. Ankyrin-
2 is expressed as multiple splice forms (S, M, L, and XL) (32).
Ankyrin-2 RNAI targeting all splice forms (RNAi-A) or targeting
M, L, and XL splice forms (RNAi-B) causes reduced dendritic
arborization (Fig. 3B). Like p-spectrin RNAI, ankyrin-2 RNAi
decreases distal dendritic branch complexity and reduces total
branch length and the number of branch points. Together, these
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data establish that the spectrin cytoskeleton is required for class
IV da neuron dendritic arborization.

To examine the effect of the L253P SCAS mutation on dendritic
arborization, we generated transgenic Drosophila lines in which
UAS-transgenes containing wild-type p-spectrin or L246P p-spectrin
(L246P is equivalent to the human L253P, and herein is termed
“SCAS”) are inserted into the same genomic locus to control for
equal transgene expression. The 477-Gal4 driver (33), a weaker
driver than ppk-Gal4, was employed to express wild-type or SCAS
B-spectrin specifically in class IV da neurons. In late-third-instar
larvae, neurons expressing SCA5 f-spectrin (fspec’“*’) show a
pronounced reduction in dendritic arbor size, with a complete loss
of distal dendrites near segmental boundaries (Fig. 44). As for
B-spectrin RNAI and ankyrin-2 RNAI, this loss in distal dendrites is
reflected in Sholl analysis plots showing that SCA5 p-spectrin causes
decreased branch complexity at locations far from the soma. Also,
similar to B-spectrin RNAI and ankyrin-2 RNAi, SCAS f-spectrin
reduces total branch length and the number of branch points. We
further noted that while SCAS p-spectrin causes a loss of dendrites
at distal segmental boundaries and an overall reduction in branch
points, high-complexity terminal branching is present near the ends
of primary dendrites where complex terminal branching is observed
in control neurons (Fig. 44, boxed regions). Intriguingly, this feature
distinguishes the SCAS da neuron phenotype from the SCA1 and
SCA3 phenotypes in which all terminal branching in the arbor is lost
(34). Similar to the SCAS arbor phenotype, complex terminal
branching is also observed following ankryin-2 RNAi but is not
pronounced after depletion of p-spectrin by RNAi.

To gain insight into whether the SCAS arbor phenotype reflects
a degenerative or a developmental defect, we documented neu-
ronal morphologies at earlier stages of development. At the ear-
liest larval stage investigated, second instar [60 h after egg laying
(AELS)J, the dendritic arbors in larvae expressing fspec”” and
Pspec>™® appear identical, with no significant difference in Sholl
analysis plots, total branch length, or the number of branch points
(Fig. 4C). The dendritic arbors in fspec”” and fspec’“*’ second-
instar larvae are similar to the arbors of fspec”” late-third instar-
larvae, covering the full body segment with dendrites extending to
the segmental boundaries. By comparison, at an intermediate
developmental stage, early third instar (96 h AEL), the arbor
fields for larvae expressing fspec”” and fspec’“*’ are clearly
distinguishable (Fig. 4B). In Pspec’Y early-third-instar larvae
arbors show decreased dendrites near segmental boundaries, ac-
counting for the reduced distal complexity in the Sholl analyses.
Moreover, in fspec’“? early-third-instar larvae the arbors have
reduced total branch length and number of branch points. Pro-
gressing from early to late third instar, arbors continue to grow in
the presence of fspecS“?, indicated by increases in total branch
length and branch points. However, growth appears restricted to
regions proximal to the soma. Further, progression from early to
late third instar appears to be associated with a continued loss of
distal dendrites near segmental boundaries. Taking these findings
together, we conclude that the SCAS arbor phenotype results from
both a developmental defect, initiating after early second instar, in
which branch growth is restricted to regions close to the soma, and
a degenerative defect, in which distal dendrites present at segmental
boundaries are eliminated.

To test whether the SCAS mutation alters the subcellular lo-
calization of Drosophila B-spectrin in da neurons, additional
transgenic lines containing wild-type or SCAS f-spectrin fused to
the fluorescent protein mEos3.2 (35) were generated. Wild-type
Drosophila p-spectrin with the N-terminal mEos3.2 fusion retains
function in neurons, as expression of the mFEos3.2-fispec”” trans-
gene using the elav-Gal4 pan-neuronal driver rescues the lethality
of a loss-of-function allele, Sspec™? (36) to a similar extent as the
untagged wild-type transgene pspec”” (Table S1). This is consistent
with prior work demonstrating that pan-neuronal expression of
fB-spectrin containing an N-terminal myc-epitope tag likewise rescues
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lethality caused by loss of ? ipectrm functlon (37). In contrast,
neither the mEos3.2-fspec nor fspec®“* transgene rescues
lethality caused by the pspec®?! allele. Furthermore, animals
heterougzjgous for the ﬁspece’”ﬂ allele are viable, with or without
Pspec or mkEos3.2-pspec™” expression. Importantcly, in
Pspec™! heterozygous animals, expression of either pspec’ or
mEos3.2-pspecST causes lethality. These results indicate that
Drosophila p-spectrin is not haploinsufficient and that mutant
L253P p-III-spectrin acts dominantly. Moreover, the mEos3.2 tag
does not interfere with the dominant neurotoxic property con-
ferred by the SCAS mutation.

To assess the effect of the mutation on B-spectrin subcellular
localization, live imaging of mEos3.2-p-spectrin was performed in
da neurons. Wild-type B-spectrin is present throughout the den-
dritic arbor, in addition to localizing to the soma and axon (Fig. 5).
In contrast, SCAS B-spectrin is strikingly absent at distal dendritic
locations and is detectable only within proximal branches of the
arbor and in the soma, where it shows approximately sixfold ac-
cumulation compared with wild-type. Significantly, the SCAS
mutation not only restricts f-spectrin localization near the soma
but also generates a proximal shift in dendritic branching. This
suggests that the spectrin cytoskeleton in distal dendrites is critical
for normal arborization. Moreover, the impact of the SCAS mu-
tation on B-spectrin localization is not confined to the somato-
dendritic compartment but extends to the axon, where SCAS
spectrin is localized to the proximal axon but is absent from the
axon terminal (Fig. S5). The altered subcellular distribution of
SCAS B-spectrin in da neurons suggests that the high-affinity actin
binding constrains the expansion of the spectrin-actin cytoskeleton
from the soma into the distal axon and distal dendritic branches.

We next tested if SCAS p-spectrin acts dominantly to mislocalize
the endogenous spectrin cytoskeleton. We assessed the subcellular
localization of a-spectrin, taking advantage of a Drosophila line
containing a GFP insertion in the endogenous a-Spec locus (38),
resulting in a functional a-spectrin-GFP fusion protein. In control
neurons, a-spectrin is present in the soma and dendrites of class IV
da neurons labeled with CD4tdtomato (Fig. 64). However, neu-
rons expressing SCAS f-spectrin show a striking accumulation of
a-spectrin in the soma, mirroring the mislocalization of mutant
B-spectrin itself. High expression of endogenous o-spectrin in
epidermal cells, innervated by da neuron dendrites, prevented
quantitation of a-spectrin in dendrites. To determine how SCAS5
pB-spectrin affects the localization of the endogenous spectrin cy-
toskeleton in dendrites, we assessed the localization of neuron-
specific ankyrin-2 using an antibody that specifically recognizes
the XL splice form. In control class IV da neurons, ankyrin-2 XL is
present in both proximal and distal regions of the arbor (Fig. 6B).
In neurons expressing SCAS B-spectrin, ankyrin-2 XL localization
in distal dendrites is significantly decreased.

Discussion

The morphology of dendritic arbors dictates the connectivity of
neuronal networks, integrating inputs and propagating signals
(39, 40). The question of how neurons modulate dendritic
morphology is of keen interest in the study of neuronal function
and neurodegeneration (41-43). For example, the molecular and
cell biological mechanisms that control branch stability and
remodeling within a dendritic field remain largely elusive (44,
45). In this report, we determined the consequence of a SCAS
mutation on the binding of p-III-spectrin to actin in mammalian
cells and leveraged the Drosophila model system to reveal the
impact of the SCAS disease mutation on the neuronal spectrin-
actin cytoskeleton and dendritic arborization. This work iden-
tifies an important cytoskeletal mechanism in distal dendrites
required for formation of large, complex arbors, critical to the
function of Purkinje cells targeted in hereditary ataxias.

Our data suggest that high-affinity actin binding acts dominantly
as a driver of L253P B-Ill-spectrin neurotoxicity by impacting
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Fig. 5. SCA5 p-spectrin is absent in distal dendrites and accumulates in
the soma. (A) Confocal-image arbor reconstructions of class IV da neurons
expressing mEos3.2-B-spectrin wild-type (WT) or SCA5 proteins, together with
the fluorescent membrane marker CD4tdtomato. (Left) Fluorescence signals of
CD4tdtomato and mEos3.2-B-spectrin proteins. Wild-type mEos3.2-f-spectrin
localizes throughout arbor and soma. mEos3.2-p-spectrin SCA5 is absent in
distal dendrites but is present in proximal dendrites. (Scale bar, 50 pm.) (Right)
mEos3.2-B-spectrin fluorescence intensities were quantified in 50-um segments
of a primary dendrite (arrowheads in Left) located 100 pm (dotted line in Left)
from the soma. mEos3.2-p-spectrin SCA5 localization is significantly reduced in
the distal regions of primary branches. For wild type, n = 17 neurons (one to
three neurons imaged per larva). For SCA5, n = 16 neurons (one to three
neurons imaged per larva). ***P < 0.0001. (B) Images of wild-type mEos3.2-
B-spectrin and SCA5 fluorescence signals in somata of neurons shown in A.
Somata are magnified 2x and contrast settings were adjusted to compare
signals in somata. mEos3.2-B-spectrin SCA5 accumulates in the soma. For wild
type, n = 26 neurons (one to three neurons per larva). For SCA5, n = 21 neu-
rons (one to three neurons per larva). ***P < 0.0001. Error bars represent SD in
all graphs.

the dynamics of the spectrin-actin network. We observed that
Drosophila SCAS p-spectrin containing the equivalent L253P mu-
tation accumulates in the da neuron soma and is absent in distal
dendritic regions, in contrast to wild-type p-spectrin that localizes
throughout the arbor. In the axons of mammalian neurons the
spectrin-actin lattice initially forms near the soma and propagates
distally (16), suggesting that the loss of Drosophila SCAS B-spectrin
in distal dendrites reflects a defect in expansion of the spectrin-actin
cytoskeleton from the soma into dendrites. Such an expansion de-
fect may be a consequence of a slow dissociation rate that is typical
of high-affinity molecular interactions (46). Specifically, high-affinity
actin binding caused by the mutation may limit the pool of free
B-spectrin molecules available to be recruited to an expanding
cytoskeleton. Like the loss of Drosophila SCAS p-spectrin in da
neuron dendritic extensions, we observed a reduction of human
L253P B-III-spectrin in HEK293T cell plasma membrane protru-
sions. The absence of L253P p-IIl-spectrin in filopodium-like
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Fig. 6. SCA5 B-spectrin dominantly mislocalizes the endogenous spectrin
cytoskeleton. (A, Left) Confocal images showing the localization of endog-
enous a-spectrin in the somata and dendrites of class IV da neurons
expressing wild-type (WT) or SCA5 B-spectrin together with the fluorescent
membrane marker CD4tdtomato. a-Spectrin can also be seen in the somata
and dendrites of neighboring sensory neurons not expressing p-spectrin
transgenes. (Scale bar, 50 pm.) (Right) Quantitation of a-spectrin in cell
bodies. P < 0.0001. For wild-type, n = 11 neurons. For SCA5, n = 15. (B, Left)
Confocal images showing the dendritic localization of endogenous ankyrin-2
XL in class IV da neurons expressing wild-type (WT) or SCA5 p-spectrin to-
gether with CD4tdGFP. Ankyrin-2 XL localization can also be seen in the
dendrites of neighboring sensory neurons. Enlarged views (2.16x magnifi-
cation) of boxed areas are shown at Upper Right. (Lower Right) In control
class IV da neurons, ankyrin-2 XL is present in proximal and distal regions of
the arbor. In neurons expressing SCA5 f-spectrin, ankyrin-2 localization is
reduced in distal dendrites. (Scale bar, 50 um.) P < 0.0001. For wild-type, n =
18 neurons. For SCA5, n = 17. Error bars represent SD in all graphs.

and lamellipodium-like extensions, despite abundant localization
elsewhere at the plasma membrane, suggests a partitioning be-
tween structurally dynamic and stable membrane regions. This
partitioning supports the idea that high-affinity actin binding
reduces the availability of p-III-spectrin to be recruited to newly
formed membrane structures. Our data predict that high-affinity
binding of L253P p-III-spectrin to actin filaments within the
neuronal spectrin-actin lattice negatively impacts Purkinje cell
arborization and function by impeding the expansion of the
spectrin-actin cytoskeleton in dynamically growing or remodeling
dendritic branches and spines.

In addition to increasing actin-binding affinity, the L253P
mutation destabilizes p-III-spectrin, causing the ABD to begin to
unfold near physiological temperature in vitro. This denaturation
raised the possibility that cellular phenotypes in mammalian cells
are the consequence of ABD protein unfolding and loss of ABD-

Avery et al.

binding activity rather than elevated ABD-binding activity. Our
experiments do not support this interpretation, showing instead
through co-IP assays that the mutant ABD retains high-affinity
actin binding in cells. Indeed, in cultured mammalian cells,
protein unfolding reflected in minor degradation products was
detected only when the mutant ABD was highly overexpressed.
Significantly, the high-affinity actin binding observed for the
L253P mutation is mimicked by the alternative substitution,
L253A, which, like the L253P mutation, is predicted to disrupt
the normal hydrophobic contacts of leucine 253 in the p-III-
spectrin ABD. In this case, no degradation of the L253A mu-
tant is detected, and we confirmed in vitro the increased protein
stability of the L.253A mutation. In light of these results, our ob-
servation that the L253A and L253P mutations cause the same
B-III-spectrin subcellular localization phenotypes in HEK293T
cells supports the conclusion that the behavior of L253P B-III-
spectrin is driven by increased ABD-binding activity. These re-
sults support the hypothesis that high-affinity actin binding con-
tributes to the L253P B-III-spectrin neurotoxicity that underlies
SCAS pathology.

How do the L253P and L253A substitutions account for ele-
vated actin-binding affinity? The location of the mutations in the
CH2 domain is consistent with a suspected regulatory role for
the domain in mediating actin binding. Biochemical studies of
the isolated CH domains of B-spectrin or of the related a-actinin
ABD previously documented actin-binding activity for the CH1
domain but not for the CH2 domain (47-49). Confinement of
binding activity to the CH1 domain is further supported by a
structural model for a-actinin ABD-actin complexes in which
only a single CH domain is bound to actin filaments (50). Con-
sistent with the idea that the L253P mutation disrupts a CH2
domain regulatory function, leucine 253 in the CH2 domain is
predicted to interface with the CH1 domain and physically
bridge the two domains through hydrophobic contacts (28). The
decrease in hydrophobicity introduced by the L253P or L253A
substitution is thus predicted to disrupt inter-CH domain con-
tacts and relieve CH2 inhibition. Significantly, disease-causing
mutations located in the CH2 domain of a-actinin (51, 52) or
filamin (53-55) also increase actin-binding affinity.

In addition to binding filaments of conventional actin, the p-III-
spectrin ABD also interacts with ARP1 (56), a component of the
dynactin complex that facilitates transport mediated by microtu-
bule motors. Consistent with an ARP1 interaction, we previously
reported that expression of SCAS p-spectrin in Drosophila moto-
neurons impairs axonal transport (57). Given the ~75% similarity
in actin and ARP1 primary structures, we predict the L253P
mutation will similarly enhance the binding of p-III-spectrin to
ARPI1. Our current studies have not directly addressed this pre-
diction. However, in a previous study, Clarkson et al. (29) con-
ducted a bimolecular fluorescence complementation assay in
HEK293T cells overexpressing ARP1, concluding that the L253P
mutation reduces the interaction of B-IlI-spectrin ABD with
ARPI. Nonetheless, a direct test of how L253P B-IIl-spectrin
impacts ARP1 binding is lacking. Indeed, ARP1-binding studies
are not straightforward; the native ARP1 filament is difficult to
purify, ARP1-specific antibodies are not available, and there is a
strong propensity for ARP1 to form nonnative structures when
overexpressed in cells (58). We believe further experiments are
needed to fully understand the impact of the L253P mutation on
ARP1 binding and intracellular vesicular transport.

In Drosophila, the lone homolog of p-III-spectrin, p-spectrin,
localizes to both dendrites and axons, where the function of the
spectrin cytoskeleton has been extensively studied (32, 59, 60).
We previously reported the impact of SCA5/L246P f-spectrin
expression on synaptic organization at the neuromuscular junc-
tion (NMJ) (57). Spectrin RNAI also disrupts synaptic bouton
organization but further leads to NMJ retraction (59), a phe-
notype not observed in SCA5 motoneurons (57). In the current
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work, we show that SCAS B-spectrin is absent not only in distal
dendrites but also at the axon terminus of da neurons. Thus,
SCAS B-spectrin may dominantly mislocalize the spectrin cyto-
skeleton not only in dendrites but also in distal axons. In light of
these findings, the reduced size of the Drosophila NMJ reported
in motor neurons expressing SCAS f-spectrin (57) may in part
reflect a disruption of the spectrin cytoskeleton and associated
ankyrin-2.

This work points to a molecular mechanism in the somato-
dendritic compartment of neurons that enables the formation of
large, complex dendritic arbors. As the dendritic arbor grows,
dynamic actin assembly in the distal dendrites drives the for-
mation of new terminal branches (61). We suggest that during
arbor growth expansion of the spectrin-actin cytoskeleton is re-
quired to stabilize terminal branches and allow for continued
expansion of the arbor. To explain the mutant SCAS arbor
phenotypes, we propose that high-affinity binding of the mutant
B-spectrin decreases spectrin-actin dynamics and consequently
constrains expansion of the spectrin-actin cytoskeleton and sta-
bilization of growing dendrites. The spectrin cytoskeleton has
similarly been implicated in axonal growth (16) and stabilization
of synaptic junctions (59). In support of this cytoskeletal mech-
anism regulating dendritic arbor stability and potentially un-
derlying SCAS pathology, we show that the loss of B-spectrin, as
well as ankyrin-2, in the distal dendrites of Drosophila da neurons
correlates with a proximal shift in dendritic branching. Impor-
tantly, expression of mutant SCAS p-spectrin and ankyrin-2
RNAI resulted in similar dendritic arborization defects, and
SCAS B-spectrin causes a loss of ankyrin-2 XL in distal dendrites.
We characterize a progressive elimination of distal dendrites at
segmental boundaries in SCAS5 arbors. Moreover, lacking ex-
pansion of the spectrin-actin cytoskeleton in terminal dendrites,
dynamic actin-based assembly drives complex terminal branching
at the periphery of SCAS arbors. However, the stability of the
SCAS terminal branching is compromised, and the outward
growth of the arbor field is defective. One possibility is that
impaired expansion of the spectrin-actin cytoskeleton and loss of
ankyrin-2 in dendrites impacts localization of neuroglian, a cell-
adhesion molecule required for arborization (62) and which may
mediate stability of dendritic branching in Drosophila da neurons
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(59). In Purkinje cells, we predict that L253P B-III-spectrin will
similarly impair expansion of the spectrin-actin lattice, disrupting
dendritic localization of critical membrane proteins ankyrin-R
(27), EAAT4 (4, 6), and mGluR1a (11), and in consequence
promoting defects in arborization and postsynaptic signaling that
characterize SCAS pathology.

Significantly, our model for the impact of a SCAS mutation on
cytoskeletal dynamics and distal arborization is similar to a dis-
ease model proposed for autosomal recessive spastic ataxia of
Charlevoix-Saguenay (ARSACS) in which a decrease in mito-
chondrial dynamics is suggested to disrupt distal Purkinje cell
arborization (63). Like the mislocalization of SCAS B-spectrin in
da neurons, loss of function of the ARSACS disease protein
sacsin, a mitochondrial protein, causes mitochondria to accu-
mulate in the soma and proximal dendrites but fail to reach distal
dendrites in mammalian neurons. Neurons such as Purkinje cells
and da neurons that extend complex arbors appear to be espe-
cially vulnerable to disruptions to pathways in distal dendrites
that support arborization, and this sensitivity possibly explains
the cerebellar specificity of SCAS pathology.

Materials and Methods

Experimental procedures for mammalian cell culture studies, in vitro ABD
protein characterization, and Drosophila studies are described in detail in S/
Materials and Methods. Experiments in these studies were approved by the
Institutional Biosafety Committee at the University of Minnesota. The DNA
constructs for human B-lll-spectrin used in our experiments are based on a
wild-type human c¢DNA clone from an available collection and were not
derived from patients.
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